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In heavy metal (HM)/ferromagnet (FM) structures with large perpendicular inversion asymmetry, an applied electric current can generate a spin current which provides an effective way to control the magnetization 1, 2, 20, 21 . An advantage of these switching mechanisms is the simplicity of the film structure, compared to conventional magnetic random access memory (MRAM) elements in which a magnetic polarization layer is generally required to generate the spin-polarized electrons. Magnetization with perpendicular anisotropy could be switched to a fixed direction under an in-plane magnetic field 5, 6, 10, 14 , or otherwise switched to a random up or down direction without a magnetic field 22 . More recently, a lateral wedge oxide 16, 19, 23 or anti-ferromagnetic layer 24 has been used to induce the deterministic switching without external magnetic field. Deterministic switching was also realized in structures with a tilted magnetic easy axis 17, 18 . However the deterministic switching due to structural asymmetry is not controllable once deposited. Thus controllable and reliable means to manipulate the magnetization all-electrically by spin-orbit torque (SOT) are highly demanded.
Recent experimental and theoretical work suggest that the deterministic switching of magnets under an in-plane external magnetic field (Hx) applied along the current direction is due to the field-like torque, which creates an unequal energy barrier for switching the magnetization between up and down. Deterministic switching in the absence of external magnetic field becomes possible owing to the spin-orbit coupling of the motion of electrons under electric field, producing an effective magnetic (spinorbit) field acting on the spins 20 . As a result, the spin-orbit field also exerts a torque on the local magnetization 15, 26, 27 . Here, we utilize the electric field produced in PMN-PT substrates to control the SOT in the ferromagnetic layer in the hybrid ferromagnetic/ferroelectric structure, and realize the magnetization switching without an external magnetic field. Moreover, the deterministic switching direction can be controlled by reversing the electric field, thereby enabling a programmable function.
The discovery and design of the electric field controlled spin-orbit torque deterministic switching holds great potential application for spintronic memory and logic devices. ferromagnetic/ferroelectric structure (inset of Fig. 1a ). Details of sample preparation are presented in the Methods. A symmetric structure with top and bottom Pt layers was chosen, which was intended to minimize the Rashba effect 8 . The bottom Pt layer was patterned and etched into a cross-shaped structure, and the CoNiCo magnetic layer film was etched into a pillar array with 3 μm in diameter at the center of the Hall cross (as shown in Fig. 1a ). With applied out-of-plane magnetic field, the anomalous Hall resistance (RH) follows a square-shaped magnetic hysteresis loop as shown in Fig. 1b, indicating that the magnetization easy axis is along the z direction. No obvious change of magnetic hysteresis loops were observed with different voltages (0, ±100, ±200, ± 500 V) applied on the substrate ( Supplementary Fig. S3 ), suggesting that the magneto-elastic coupling between the substrate and the CoNiCo ferromagnet is very weak and can be ignored.
Current-induced switching under in-plane magnetic field Hx= ±3 Oe is shown in Fig. 1c . The opposite Hx results in the current-induced switching through opposite path, which is consistent with previous reports 5, 7, 10 . To our surprise, in the absence of external magnetic field, we observed that the magnetization was deterministically switched toMz (+Mz for "up" and -Mz for "down") for both forward and backward current sweeping directions ( Fig. 1d ) with the critical current ~ 1.5 mA. The unidirectional switching behaviors in our experiments are well reproducible. However, the magnetization of a similar structure on Si substrate did not switch deterministically without magnetic field 10, 22 . Thus, the unidirectional switching is attributed to the PMN-PT substrate.
To investigate the influence of PMN-PT substrate on the spin-orbit torque switching,
we applied a voltage of ± 500 V across the substrate in a direction parallel to the current direction of the Hall bar ( switching phenomenon, we could switch the magnetization of the CoNiCo magnet between up and down using current pulses after applying 500 V voltage across the substrate, as shown in Fig. 2d . This demonstrates a series of writing and reading of information by injecting ± I pulses, which could be used as a MRAM.
Further investigations were focused on the origin of the voltage-controlled deterministic switching. Figure 3a shows the spin distribution due to the spin Hall effect of Pt with current injected into the Pt leads. If only spin Hall effect exists, the spin density can switch the magnetization up or down randomly with equal probability.
However, there is an electric potential difference across the PMN-PT substrate under the device when injecting current to the Hall bar, resulting in an external electric field producing a sign change of the voltage while sweeping the current direction. Thus, considering the electric field induced by the applied current, the switching behavior follows the switching loop in Fig. 4c at positive current, but changes to follow the loop in Fig. 4b when reversing the current to negative. Therefore, unidirectional switching of -Mz was observed.
The voltage controlled deterministic switching of perpendicular magnetic bits in this study can be used as a non-volatile magnetic memory with programmable functionality, such as encrypted memory. Multiple functional logic with only one or two magnetic bits can be realized using the same device because of the programmable magnetization switching by the voltage, which will greatly advance the information technology with simple design. 
